Abstract-The visual acuity, refractive state. and depth of focus of the dark-reared hooded rat's darkadapted eye were determined by recording the responses of retinal ganglion cell axons in the optic tract. The smallest square-wave grating to which the units responded subtended 0.22 c/deg. The contrast sensitivity function for sine-wave gratings peaked at 0.02-0.07 c/deg. Corrective lenses of + 14 D reduced the responsiveness of optic tract units to 100% contrast square-wave gratings by only ZOO', implying (1) that objects from 7 cm in front of the eye to optical infinity are in equivalent focus. and (2) that the depth of focus of the rat's eye is enormous.
INTRODUCTION
Every measurement of the refractive state of the rat's eye has yielded different results. Published estimates range from 12.5 D myopic (Lashley, 1932) to 17 D hyperopic (Massof and Chang, 1972) , with many intermediate values (Brown and Rojas, 1965; Siminoff, Schwassmann and Kruger, 1966; Montero, Brugge and Beitel, 1968; Block, 1969; Shaw, Yinon and Auerbach, 1975; Wiesenfeld and Branchek, 1976; Green, Tong and Cicerone, 1977; Hughes, 1977; Meyer and Salinsky, 1977) .
That so many different laboratories have tried to assess the refractive state of the rat's eye attests to the importance of the measurement as well as to its elusiveness. It is clearly important to know where stimuli must be placed in order to be in focus on the retina; or, alternatively, especially in electrophysiological experiments, what optical correction would result in best focus. Measurements of receptive field size and acuity, for example, could be greatly altered by out-of-focus stimuli.
We report here the results of experiments we designed to try to clarify this issue. The rats were exposed only to dim red light during rearing, and they were tested under scotopic conditions; the first factor was intended to maximize the probability that the retinas were not light-damaged at the time of testing, and the second was intended to provide levels of illumination that would typically be encountered by a nocturnal animal.
In these experiments we determined the grating acuity of each single retinal ganglion cell we encountered while recording from it extracellularly. We then put human contact lenses of different powers in front of the eye, and measured their effect on the same unit. While the acuity we found was slightly less than that which others have observed, we could not improve it with lenses. Neither was it made much worse by lenses of f14D. Although this result may not seem to be a clarification, we will argue elsewhere (Green, Powers and Banks, 1978) that an apparently afocal system is not surprising in a small eye where the depth of focus is very large.
METHODS

Subjects and surgical preparation
Five female (215-36Og)' and three male (365-370 g) Long-Evans hooded rats from our colony were the subjects in this study. They weri raised in the dark and experienced only occasional dim red illumination.
Surgery was carried out ,under dim red light or with the experimental eye covered with an opaque contact lens. Animals were anesthetized ',with urethane (1.5 g/kg body weight maximum dose, in physiological saline solution, injected intraperitoneally). A tracheal cannula was inserted. In some animals a cannula was also placed in the carotid artery in order to monitor blood pressure. All animals had a cannula in the femoral vein, through which a solution containing lOmg/kg per hr gallimine triethiodide (Flaxedii), 0.67 mg/kg per hr tubocurarine chloride, 30 mg/kg per hr urethane and 1.0cm3/kg per hr 5% dextrose in saline was continually infused.
The rat was placed in a stereotaxic device (Baltimore Instruments), and an anal thermistor probe (YSI-Sostman Model 73A), which monitored body temperature and controlled it by regulating a heating pad beneath the animal, was inserted. The eyelids were gently retracted with surgical silk threads, and a drop of 1% atropine sulfate was topically applied to the eye to dilate the pupil. Measurements using a small pupil were made either before the atropine was given or with an artificial pupil of l.Omm diameter. We wanted to avoid deforming the globe in any way, and therefore did not use an eye stabilization ring. Although the rat was paralyzed during the experiments, slow drifts in the eye's position almost .certainly occurred (Cicerone and Green, 1977) . But because our stimuli more than covered the receptive field (see below), and because HS frequently monitored the positIon of the receptive field. drifts in the position of the e)s were unlikely to have affected the results.
The skull was opened and the optic tract located with a metal alloy-filled glass micropipette (Gesteland. Howland. Lettvin and Pitts. 1959) . as described before (Green et al.. 1977) . Then a tungsten microelectrode (Levick. 1972) was lowered at the same coordinates until a single unit was isolated. During both these procedures (locating the optic tract and isolating single units). a half ping-pong ball was in front of the rat's eye. This served as a diffuser for the preliminary light stimuli we used: 0.5sec flashes of white light every 2.5 sec. or a low spatial frequency grating that drtfted at 1 Hz. We studied every unit encountered by the microelectrode. regardless of its response properties or retinal location. The rat was rotated on a turntable until the unit's receptive field fell within the range of the stimulator. from the eye. depending upon the locarlon of the recepttbt field. The _ereen grating (P31 phosphor) completely covered the receptl>e field and drifred at I Hz independent of its spatial frequency.
Square-wahe graungs were used in the acuity and refraction studies. and sine-wave gratings in the contrast sensitivity experiment.
All gratings were IOO",, contrast except in the contrast sensltlvlty experiment. The refractive power of the eye was varied by placing human cornea1 contact lenses as close as possible to the eye (but not touching it). They were held in place with surgical tape. The lenses were 6-8 mm in diameter. and the power of each was measured at least twice with a contact lensometer.
Data collrcrion and analysis
Srimulrrs 0.01-0.1 mL gratings were produced on the face of an oscilloscope ) and focused with a lens on a rear projection screen. The screen was 2040 cm A mini-computer (Data General NOV.41 recorded the occurrence of action potentials and generated poststimulus time histograms. The start of a histogram was phase-locked to the stimulus so that all triafs began when the dark and light portions of the grating were in the same position relative to the receptive field. The Examples of the raw data appear in Fig. 1 . The response measure we chose was the difference in the mean number of spikes at the peaks and troughs of a given histogram. This value was estimated graphically from the histograms. A difference of ten spikes. equivalent to an average of one per trial. was called threshold: this value was rarely attained through random variations in baseline firing. yet was low enough to be barely noticed as a response upon visual inspection of the histograms. For example, the response to the 0.15 cideg grating in Fig. 1 is clear. while it is equally clear that there is no response to the 0.17 cideg grating. The peak-trough values we measured from these two histograms were 16 and 9. respectively. A difference of 10 spikes also tended to correlate with the experimenters' subjective auditory criteria. If none of the test stimuli produced exactly 10 spikes, threshold was determined by interpolating linearly, from graphed data. between the two stimuli that produced just more and just less than 10 spikes peak-to-trough difference.
RESULTS
Acuirr
The number of action potentials recorded depended upon the spatial frequency of the grating. The variability in our data is primarily due to differences between animals, and not between different units from the same animal. This point is illustrated in Table I . which lists the average threshold grating for each rat. Note that most standard deviations were less than 0.08, the value we found when thresholds for all individual units were averaged (see above). We assume the variability in acuity is a reflection of inherent individual differences, because there were no obvious external differences (such as lens opacities) among the animals. Using the individual threshold measurements, we found no statistically significant relations between acuity and sex (t = 0.43, d.f. = 21). body weight (c = 0.46, d.f. = 21. when animals weighing more than 300g were compared to those weighing less than 3OOg), or the center response type of the unit, i.e. on or off (t = 1.44, d.f. = 16, P s 0.1). While there were likewise no obvious correlations between acuity and the size and retinal location of the receptive fields, our measurements of receptive fields were not careful enough to rule out these possibilities.
To assure ourselves that the low acuity we measured was not due to an inadvertent selection of suboptimal stimuli, we tested the effect of two stimulus parameters on the acuity measurements. The first was luminance. We found that while the number of spikes recorded. at any given spatial frequency depended upon the mean luminance of the grating, the threshold spatial frequency was not significantly correlated with luminance (r = -0.34) within the range we tested (about + 1 log unit from our usual test value). The second parameter tested was the temporal frequency of the grating. We found no systematic variation in the peak-to-trough measurements between 0.5 and 5.0 Hz.
During the course of other experiments in our laboratory. we have used a piano rat contact lens to prevent desiccation of the cornea, and a small artificial pupil to minimize the effect of any refractive error (see Green et al., 1977) . At the time the earlier studies were done, we had little evidence that these devices had no effect on the response of optic tract units. In the present experiment, we tested the effects of both the rat contact lens and the size of the pupil on acuity, and found that neither changed it systematically.
Contrast sensitivity
The solid symbols in Fig. 3 show contrast sensitivity as a function of spatial frequency for three units. Peak sensitivity for all three units was 0.03X1.07 c/deg. The high-frequency limit for resolution of sine-wave gratings, estimated from the data in Fig. 3 , was about 0.2c/deg, which is close to the value we found to be the limit for resolution of square-wave gratings (see above).
The open circles in Fig. 3 show the relative amplitude (peak minus trough) of one unit's response to a sinusoidal grating when spatial frequency was varied. In this case, the contrast of the grating was held constant at 509,. The peak response has been shifted along the vertical axis to coincide with peak contrast sensitivity. Comparing these measurements with the contrast sensitivity function determined on the same unit (solid circles) shows that the two curves have similar shapes. Thus, for this unit the amplitude of response to a 509, contrast grating varied with spatial frequency in the same way as the sensitivity to contrast varied with spatial frequency.
The relative response amplitude of another unit was measured for various spatial frequencies, but this time the contrast of the grating was IOO~~,. The curve is similar to the contrast sensitivity function represented by solid squares (another mm).
We applied a silicon fluid (Dow Corning 360 Medical Fluid, 20csks viscosity) to the cornea, such as might be done to prevent its drying (e.g. Montero et al.. 1968) , while still recording from one of the units in Fig. 3 . The resulting contrast sensitivity function was indistinguishable from the original one. This result demonstrates that, for the rat at least, the application of silicon fluid of this viscosity does not affect contrast sensitivity.
Refraction
The effect of strong lenses on the response of several units is shown in Fig. 4 . The dotted line connects data from a typical unit. Although the response was best with a correction of k 10 D. it was reduced by only 5'" when no correction was imposed. Further. the magnitude of the response was reduced by no more than 20% (or 0.1 log units) over a range of 26 D. Note that a 20% reduction in response also corresponds to only about 0.1 log unit reduction in contrast sensitivity (see Fig. 3 ). Some units were affected even less by the insertion of lenses. The data from one such fiber are represented by open circles in Fig. 4 . The response of this unit remained at 80%' maximum or better from -24 D to ~22 D. A few units were affected more than average, and the filled triangles show data from one representative of this group; the range for SOa/:, maximum response was about 10 D. Neither the size of the pupil nor the presence of the rat contact lens had any consistent influence on these responses. Likewise, there was no consistent influence of retina1 location or class of unit (i.e. "sustained" or "transient") in our sample.
We refracted a total of 13 units. Figure 5 summarizes the results from them. There was no clear relation between the spatial frequency of the test grating (which was always above threshold) and the response. The same unit tested at both 0.14 and 0.22 c/deg (its threshold was 0.29 c/deg) had a similar range of best response at each, and the unit tested at 0.22-the highest spatial frequency-had a similar range to the * We have used 80% maximum (instead of, for example, 90%) to indicate the range of response because random fluctuations in baseline measurements approached 10%
(See Methods and Fig. 1 ).
unit tested at the lowest spatial frequencyA.
(its threshold was 0.14 c/deg).
The mean correction that resulted in the maximal response from the units in Fig. 5 was -0.14 D. If the distance from eye to screen (2wOcm) is taken into account, the refractive error of these units was about -2.6 to -5.1 D, or %5 D of myopia. However. notice the size of the range over which the response was at least 80"/, of maximum: it averaged + 14.07 D, with a standard deviation of 7.14 D. The slight myopia indicated by our results is very small by comparison.
DISCUSSION
The responses of retinal ganglion cells have been used by others to determine the acuity and refractive state of fish eyes (Meyer and Schwassmann. 1970; Schwassmann, 1975) . and the results have been reported to compare well with behavioral measurements of acuity in the same animals (see Schwassmann, 1975) . Our results in the dark-reared rat agree reasonably well with others in the estimation of this animal's visual acuity, and we will argue below that they are not inconsistent with estimates of refractive error made by others.
Acuity of the hooded rat
The resolving power of our sample of rat retinal ganglion cells, #c/deg, is consistent with the size of receptive fields of ganglion cells measured in our laboratory and elsewhere. The width of the plateaus of sensitivity profiles in dark-adapted units averages about 6', and the range is about 312' (cf. Green et al., 1977) . Brown and Rojas (1965) found receptive field centers of very similar dimensions-2.7'-9'.
Partridge and Brown (1970) report centers of 3'-lo", and they observed no change in receptive field organization with intensity. This correlation between acuity and receptive field size was not unexpected, and it tends to support the validity of our measurements.
The behaving rat is able to resolve finer gratings than our results would predict. Estimates of maximum acuity range from OSc/deg (Lashley, 1930; Wiesenfeld and Branchek, 1976) to about l.Oc/deg (Lashley, 1938; Hermann, 1958) . All of these authors used light-adapted rats, however, and the lightadapted ERG has revealed the presence of cones in the rat retina (Green. 1971 (Green. , 1973 . Although there are probably very few of them, cones are responsible for the ERG recorded in rats with no (or very few) rods (Cicerone, 1976) , and their influence might be responsible for the higher acuity in the behavioral experiments. Unfortunately, the gratings we used could not be made intense enough to measure acuity at photopit levels.
Refractice error
The range of focal planes that results in optimal response from rat retinal ganglion cells is very large, and almost certainly includes the natural focal plane of the eye (cf. Fig. 5 ). We infer from this that the rat's eye is emmetropic, in the sense that ganglion cell responses to objects at infinity are not significantly improved with supplemental lenses. lkeda and Wright (1972) have reported -that sustained-type ganglion ceils in cat respond differently to induced refractive error than do transient type ceils. Our evidence suggests that both types of unit in the rat respond similarly to induced refractive error. It must be emphasized that our sample is small. however. and does not allow us to eliminate the possibility that some differences between the types of ganglion cell do exist.
Our finding that the eye is essentially emmetropic does not. at first glance, seem to agree with the results of other investigators.
However, we also found that ganglion ceils responded equivalently over a range of & I4 D of optical correction. Hence we believe that our results are in fact consistent with those of any other study that found refractive errors between I-l D myopia and I4 D hyperopia.
Nearly all previous measurements fall in or close to this range. The only exception is one that indicates extreme hyperopy (Massof and Chang, 1972) which was made retinoscopically and ophthalmoscopically-methods that have been postulated to exaggerate refractive error in the hyperopic direction in small eyes (Glickstein and Millodot. 1970 ).
Three measurements are sufficiently similar to ours to warrant separate attention. Brown and Rojas (1965) found that the size of receptive field centers of retinal ganglion cells was minimized when the screen upon which stimuli were presented was 40cm from the eye. This corresponds to 2.5 D myopia. a value very similar to ours.
In a recent study, Meyer and Salinsky (1977) reported that rats whose body weights were similar to ours were 1.4 D myopic with a fully dilated pupil. They obtained this value by recording the amplitude of the visually-evoked cortical potential to a large grating of OJc/deg when trial set lenses of various powers were positioned 3 mm from the eye.
In another recent study, Hughes (1977) has examined the relation between the receptive field diameter of retinal ganglion ceils and refractive error induced by placing spectacle lenses close to the eye. He found that when the pupil was small. the receptive field changes with refractive error were so slight that the measurements could not be used to identify the best corrective lens. He argues from optometric refraction, however. that the eye with a small pupil must be nearly emmetropic.
This conclusion does not differ from ours. His measurements with a fully dilated pupil, on the other hand, are different from ours; they indicate a clear minimum at + 10 D of induced refractive error in the four units illustrated (see his Fig.  7 ). While some of our units did. like his, respond best with optical correction.
the number in our sample that responded best with plus correction was nearly equal to the number that responded best with minus correction (see our Fig. 5 ).
Hughes suggests that the hyperopia he finds when the pupil is large is due to aberrations in the peripheral optical apparatus, but we find no systematic effect of the size of the pupil on refractive state. We have no satisfactory explanation for the discrepancy between our results and his. but we suggest that differences in the spatial frequency content of the test targets may be important.
This suggestion comes from the observation that the refractive state of the human eye with a dilated pupil depends on the snatral frequency content of the test target . From a Fourier standpoint a small spot of light. such as used by . IS a different and more complex stimulus than a grating. Using high frequency gratings both we and Meyer and Salinsky (1977) find the animals to be slightly myopts. not hyperopic.
There are two other iactors that might be responsible for the differences between our results and those of Hughes (1977) . First. his rats were of the D.A. (agouti) strain, whereas ours (and those of IMeyer and Salinsky. 1977) were the Long-Evans hooded variety. Second. he selected only on-center sustained type ganglion cells with minimally influential surrounds. while we recorded from many different types.
Although Meyer and Salinsky's (1977) study agrees nicely with ours in the measurement of refractive error, the curves they have obtained relating power of lens to percentage of maximum response (as in our Fig. 4 ) are narrower than ours. That is, the mean dioptric range over which they obtained 809, or better response was about +2 D. whereas our narrowest range was +5 D. Again, we have no explanation for the discrepancy. but there are a number of differences between our experimental conditions and theirs that might be responsible.
For example. their use of trial set lenses may have introduced optical problems not present with contact lenses: their more intense stimulus may have influenced more cones than ours; measurement of a cortical response instead of a retinal response may have somehow resulted in a "sharpening" effect: their use of gratings close to the limit of resolution. as determined in our superiments. may have affected the results: and finallv (and perhaps most importantly). their rats were visually experienced during development whereas ours were not. Additional data in their paper suggest, in fact, that younger rats have a slightly broader dioptric range of maximum response than older rats.
Depth of focus
Focus has little effect on the number of spikes fired by rat retinal ganglion cells: in our hands, it neither increased nor decreased their responses over a very large range. The human eye with a 3mm pupil tolerates changes of only about i: lj3 D before the image appears out of focus (Campbell, 1957) . but, according to our experimental criteria at least. the rat eye with about the same pupil size can tolerate & 14 D. more than 40 times more.
If i: 14 D correction has little effect on the resolvability of a visual stimulus, then all objects from about 7cm in front of the animal to optical infinity will be in focus. Similarly, the location of the image plane within the eye could vary _t I75 pm (calculated from Block, 1969) and still maintain optimal focus. This depth of focus is many times larger than can be accounted for by the length of the rod outer segments in rats, which is about 20-25 ,nm (Bonting, Caravaggio and Gouras. 1961: LaVail. 1976 ).
Our results provide empirical evidence that the depth of focus of the rat's eye is very large, confirming earlier anecdotal (Lashley, 1932) and inferential (B!ock, 1969) 
